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Abstract
This article estimates agricultural productivity growth in 10 South American countries in 1969–2009 with the objective of investigating if the
slowdown being measured in other countries is present in the region. Results show that productivity growth accounts for half of the three-fold
increase in agricultural output during this period and that performance is sensitive to R&D investments in the sector. The slowdown found for the
1990s to 2000s in the U.S. and some European economies does not seem to be present yet in South America. The region’s total factor productivity
(TFP) growth rate increased steadily from 1.07% during the 1970s to 2.29% during the 2000s. Given lags in adoption and the adaptive nature of
innovations in these economies, we have yet to see the potential effects in South American agriculture of decreases in R&D in advanced economies.
JEL classifications: Q160, O430, O470, O490, R110
Keywords: Slowdown; Agricultural productivity; South America; Stochastic frontier
Introduction
Global agricultural productivity growth rates have been a
popular topic of research. Several recent studies have found a
decrease in global annual rates of yield growth during the last
decades for high- and middle-income countries (Alston et al
(2010), Fuglie (2010) and World Bank Development Report
(2007)). Alston et al. (2010) has also identified a decrease in
TFP growth rates in the U.S. and other advanced economies.
Slower productivity growth might lead to a slower growth of
global supply relative to demand of agricultural products, with
important consequences on food prices and potentially on food
security. If this finding extends to agriculture in developing
countries the concerns are multiplied.
Productivity growth accounts for growth in output not at-
tributable to growth in inputs. While input growth leads to
increases in output, it is innovation what allows sustained in-
creases in output. This growth is usually measured by changes
in total factor productivity (TFP), where TFP is defined as the
ratio of outputs to all inputs.1
∗Corresponding author. Tel.: +01-402-570-3820; fax: +01-402-472-3460.
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A data appendix to replicate main results is available in the online version of
this article. Please note: Wiley-Blackwell is not responsible for the content
or functionality of any supporting information supplied by the authors. Any
queries (other than missing material) should be directed to the corresponding
author for the article.
1 In this article, TFP is synonymous to multifactor productivity (MFP). TFP
growth rate is a MFP measure given by the growth rate of an output index
Given the vast availability of land in South America, it is
expected that this region will play a major role in increasing
future food supply. For the last 35 years, agricultural production
has increased steadily in most South American countries. While
part of output growth has been due to input growth, one goal
of this article is to determine the relative importance of TPF
growth in output growth and to evaluate how consistent that
growth has been. What have the growth rates in agricultural
productivity in South America been and are they keeping up?
Our study presents a comparative analysis of agricultural
productivity growth in South America with updated estimates
from 1969 to 2009 with the objective of checking if the slow-
down in TFP growth rates that seems present in advanced
economies is also present in South American agriculture.2 We
use parametric and nonparametric methods in an attempt to un-
cover the robustness of our results to the methods employed.
We examine agricultural productivity by econometrically es-
timating a translog production frontier for a set of 10 South
American countries during the 1969–2009 period. TFP growth
rates using a nonparametric and nonstochastic Malmquist in-
dex are also calculated to gain information that might be lost
due to the strong specification imposed by the econometric ap-
proach. To relate the differences in efficiency to the different
minus the growth rate of an index of inputs. The growth rate of yields is a
partial productivity measure referring to the growth of output per unit of land.
2 A reviewer has noted that during the period of analysis most of these
economies have gradually open up with expected feedback into faster agricul-
tural productivity growth (Edwards (1993), Frankel and Romer (1999), Martin
and Anderson (2006), World Bank (2012))
C© 2015 International Association of Agricultural Economists DOI: 10.1111/agec.12199
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environmental characteristics of each country we estimate an
inefficiency effects model (Battese and Coelli, 1995).
We do not know of any other study for this region that in-
cludes recent estimates. The extension of the period of analysis
is important because it allows us to look for a potential slow-
down in the 21st century, in particular in the last years of the
2000s.
Literature review
During the last two decades many studies investigated agri-
cultural productivity in South America and the rest of the world
finding different results depending on the method employed and
the years included in the analysis.
Looking at global agricultural production, Alston et al.
(2010) find decreasing global yield growth rates for corn, wheat,
rice, and soybeans when comparing the period 1960–1990 with
1990–2007; this result was observed for high-income countries
but also for middle income countries. The World Bank Devel-
opment Report (2007) also estimates a halving in developing
countries major cereal yields growth rates from the high val-
ues observed during the 1960s and late 1970s when comparing
them to the 2000s. Although the USDA (accessed on March
2015) estimates increasing TFP growth rates for world agri-
culture, several regions show signs of a slowdown during the
last two decades. These are the U.S. and Canada, Oceania and
Sub-Saharan Africa, while Latin America is stagnant. These
estimates are consistent with those in Fuglie (2012). For the
United States, Ball et al. (2013) find a lower TFP growth rate in
1974–2009 (1.57%) than in 1948–1974 (1.7%) and the USDA
estimates a decrease in TFP growth from 1.82% in 1990–1999
to 0.85% in 2000–2009.
Focusing on South America, Fuglie (2012) estimates increas-
ing TFP growth rates for Brazil, from 0.25% in the first decade to
4.03% in the last decade, with the exception of 1991–2000. The
Andean countries3 show a deceleration then acceleration from
1981 on. In the Southern Cone, agricultural TFP growth rate al-
ternates between increasing and decreasing.4 In an earlier study
that uses a Malmquist index method, a nonuniform trend was
found by Ludena (2010) for countries in South America when
comparing TFP growth rate for 2000–2007 to that of 1990–
1999 period. Argentina, Bolivia, Brazil, Ecuador, Paraguay, and
Uruguay had an increase in the average TFP growth rate, while
Chile, Colombia, Peru, and Venezuela had a decrease. Using an
econometric approach and fitting a translog stochastic frontier
production function, Bharati and Fulginiti (2007) find no sign
of a slowdown in the region when analyzing data from 1972
to 2002. The region’s agricultural TFP growth rate increased
from 1.96% in 1972–1981 to 2.33% in 1982–1991 to 2.36%
3 In Fuglie (2012), Andean countries are Bolivia, Colombia, Ecuador, Peru
and Venezuela and Southern Cone countries are Argentina, Chile, Paraguay
and Uruguay.
4 Fuglie (2012) estimates are 0.58% (1961-1971), 2.56% (1971-1980),
−0.82% (1981-1990), 1.61% (1991-2000) and 1.29% (2000-2009).
in the period 1992–2002. From their sample of 10 countries,
comparing the last two periods, only Colombia, Paraguay, and
Peru had an important decrease in the TFP growth rates. Finally,
for a slightly different time period, Avila and Evenson (2010)
using an index methodology find no sign of a slowdown for the
region. Argentina, Brazil, Chile, Colombia, Ecuador, Peru, and
Uruguay were found, on average, to have increasing TFP growth
rates when comparing 1961–1980 to 1981–2001, Paraguay and
Venezuela had decreasing rates and Bolivia showed no change.
An important problem in estimating agricultural TFP growth
rates in developing countries using Fisher or Tornquist indexes
is the scarcity as well as the quality of input price information.
This is important because input prices are needed to obtain the
cost shares used when the estimation is done by one of these
index number methodologies. To circumvent this problem sev-
eral authors have used alternatives. Avila and Evenson (2007)
and Fuglie (2012) approached the problem of lack of informa-
tion by estimating, or collecting from other studies, input shares
for some large economies where data on prices were available,
and then using those shares to estimate the index of smaller
economies from the same region.
Distance functions, parametric or nonparametric, have been
used to estimate TFP growth rates. The Malmquist index (Caves
et al., 1982), when nonparametric and nonstochastic, is con-
structed by comparing individual country observations with
the best practice frontier defined by a set of efficient countries
included in the sample. Estimating a stochastic parametric fron-
tier, Bharati and Fulgini (2007) use different institutional and
economic variables to explain the differences in the efficiency
performance of the countries analyzed. Among the variables
considered, life expectancy, agricultural research (in amount
of researchers) and trade intensity were found to be signifi-
cant and positively related to increases in efficiency. Using a
different parametric approach, Headey et al. (2010) perform a
two steps regression to calculate the effect of different envi-
ronmental variables on agricultural TFP growth rates. Between
the variables that were found significant in explaining positive
changes in TFP growth rate they highlight agricultural expen-
ditures, number of agricultural scientists per thousand workers
and the real rate of assistance to agriculture.
The model
In this study the focus is on a potential decrease of the rates of
productivity growth in the latter years of the series as observed
by other authors in other countries. The agricultural technology
is approximated with a translog production function and the es-
timation of the agricultural productivity growth rate is obtained
using an econometric maximum likelihood (ML) stochastic
frontier approach (SFA).5 A nonparametric Malmquist index is
5 Econometric estimation provides standard errors and allows tests of hy-
potheses but it might add specification error.
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also calculated.6 Since each method has advantages and short-
comings (see footnotes 5 and 6) we employ the two methods to
check robustness of the estimation across methods. The stan-
dard neoclassical production function in logs is defined as:
yit = f (xit , t ; β) i = 1, . . . , I t = 1, . . . , T , . (1)
where yit is the logarithm of output of the ith country during the
time period t, xit is an Jx1 vector of the logarithm of j inputs
for the ith country in time period t, β is a vector of unknown
parameters, and εit are random variables. For the SFA, follow-
ing Battese and Coelli (1995), the error term is decomposed
into two random variables: εit = vit − uit. Where vit are random
errors which are assumed to be iid N(0,σ 2v ) and independently
distributed from uit, and where uit are nonnegative random vari-
ables assumed to be iid N(η, σ 2u ), where η is associated with
technical inefficiency of countries over time.
The production function in (1) is used to decompose output
growth into three parts: growth in the use of inputs, changes
in efficiency in the use of inputs and technological change; the
last two are referred to as TFP change. This is
dyit
dt
=
∑
n
∂f (x, t, β)
∂xj
dxijt
dt
+ dTFPit
dt
i = 1, . . . , I t = 1, . . . , T
j = 1, . . . , J (2)
The growth in TFP can be further decomposed into:
dTFPit
dt
= ∂f (x, t, β)
∂t
+ dTEit
dt
. (3)
The first term on the right-hand side of (3) represents techni-
cal change (TC) or that growth due to innovations; it is the shift
of the production frontier. The second term represents technical
efficiency (TE) change (EC) or growth due to catching-up to
the most efficient countries; it is the rate at which a country
moves toward or away from the best practice frontier. The TE
of the ith country in period t is the ratio of observed output for
the i-th country in period t, Yit, relative to its potential output
when the individual country effects are zero, this is
TEit = Yit
exp [f (xit , β) + vit ] . (4)
6 This index is nonparametric, nonstochastic and constructed based on ob-
servations on two consecutive time periods so it is very sensitive to extreme
values. Although it is free of specification error it needs to assume a constant
returns to scale technology to reflect productivity change as pointed out by Balk
(1993), Grifell-Tatje´ and Lovell (1995) and O’Donnell (2012). Under CRS with
a single output and multiple inputs, the Malmquist productivity index matches
the Hicks Moorsteen (HM) index (Bjurek et al, 1998) and only when these two
indexes are indistinguishable, the Malmquist productivity index can be inter-
preted as a TFP index (Bjurek, 1996 and Kerstens and Van de Woestyne, 2014).
It gives us a check for the general trend of the econometrically estimated TFP
growth rates.
The measure in (4) takes values from zero to one, where a
value of one indicates that the country is fully efficient.
TE is captured by Eq. (1) when a frontier approach is used.
Given the definition of uit, the mean of the TE component η is
defined as
ηit = zit δ, (5)
where zit is a (1xp) vector of explanatory variables that are
associated with the efficiency of the countries over time (insti-
tutional, environmental and quality variables) and δ is a (px1)
vector of unknown parameters to be estimated. The random
variable uit is obtained by truncation of the normal distribu-
tion with mean η and variance σ 2u ; this error term is associated
with technical inefficiency of production. In this model uit will
account for differences across countries that cause departures
from the maximum potential output, also referred to as the
catch-up growth component.
The output-based Malmquist index estimation follows Fa¨re
et al. (1994a); this index at time t is defined in term of the
distance function
DtO(xt , yt | C, S) = inf
{
θ :
(
xt ,
1
θ
yt
)
	 St
}
. (6)
where DtO is the output distance function in period t, and θ is
the ratio of the current output basket to the maximum achievable
multiple of that basket given the current level of inputs. In Fa¨re
et al. (1994b) the output-based Malmquist productivity index
is
mt+1 = D
t+1 (xt+1, yt+1)
Dt (xt , yt )[
Dt
(
xt+1, yt+1
)
Dt+1
(
xt+1, yt+1
) Dt
(
xt , yt
)
Dt+1 (xt , yt )
] 1
2
. (7)
The first term on the right-hand side is the change in efficiency
between years t and t+1 and the term in brackets is technical
change between those years. Values greater than one in any
of them reflect gains and smaller than one reflect losses. A
Malmquist index value greater than one indicates increases in
productivity. Coelli’s DEAP program (version 2.1) was used to
estimate the Malmquist indexes.
Data
The countries included in the analysis are Argentina, Bolivia,
Brazil, Chile, Colombia, Ecuador, Paraguay, Peru, Uruguay,
and Venezuela. In 2009, according to FAO data, these countries
represented more than 99% of South America’s agricultural
output and population, with Argentina and Brazil accounting
for 77% of the output.
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Data on output and conventional7 agricultural inputs (land,
labor, livestock, and machinery) were obtained from the FAO-
STAT website.8 Fertilizer input data was obtained from Fuglie
(2010) as he used a mix of FAO data and International Fer-
tilizer Association data that is assumed to be more accurate
and recent. Agricultural output is agricultural gross production
in international dollars. It is an index, base 2004–2006, de-
veloped by FAO that uses a common set of commodity prices
as weights. Following Fuglie (2010), to minimize the effect of
short run shocks that are not accounted for by the variables con-
sidered (like weather or other sudden disturbances) we smooth
the output series for each country using the Hodrick-Prescott
filter, where the smoothing parameter λ was set equal to 6.25
as suggested by Ravn and Uhlig (2002).
Land is agricultural land used on permanent crops, annual
crops and pastures in thousands of hectares. The countries with
bigger increases in the use of land were Paraguay (+85%),
Ecuador (+57%), and Brazil (+37%). Labor is measured in
economically active persons (in thousands) in agriculture. There
was big variability in the evolution of labor in the region; while
Bolivia (+138%), Paraguay (+112%), and Peru (+94%) had
big increases in the amount of labor employed, Brazil (−24%),
Uruguay (−10%), and Venezuela (−7%) had decreases in la-
bor usage. Livestock is number of animals in farms expressed
in cattle equivalent converted using Hayami and Ruttan (1985)
weights.9 Following the evolution of this variable, we can differ-
entiate two groups: countries with a modest (lower than +50%)
increase in the amount used (Colombia, Chile, Peru, Uruguay,
and Argentina) and countries with big increases (higher than
+100%) in the amount of livestock used (Brazil, Paraguay,
Venezuela, Bolivia, and Ecuador). Machinery is the number of
agricultural tractors used; for this item, when possible, FAO
data were updated using estimates from the respective national
institutes of statistics (ANFAVEA 2011 and INDEC 2011).
This variable also had important increases; we can highlight
Brazil (+450%), Paraguay (+450%), and Ecuador (+400%).
Fertilizer is total fertilizer consumed in metric tons of N, P2O2,
and K2O. This variable is very volatile. Fertilizer use increased
83 times in Paraguay and 16 times in Brazil and Argentina. The
smallest increases in fertilizer use are in Uruguay that doubles
its consumption, while Peru and Chile quadruple it.
Table 1 has summary statistics of the output and inputs by
country. Figure 1 depicts the cumulative frequency distribution
(cdf) of the growth rates of output and inputs. This graph also
highlights the big changes in fertilizer input during the 1969–
2009 period; an important observation given that most of these
countries used very little at the start of the period of analysis.
The median growth rate is about 3% but 20% of the observa-
tions show decreases of about 10% or higher and 20% show
increases of 20% or higher. 80% of the growth rates for the rest
7 Following Hayami and Ruttan (1985) and other researchers.
8 We note that FAO data is not corrected for quality changes but no alternatives
are available for this set of countries. Our results are then subject to the quality
of the data.
9 Conversion ratios to beef cattle units are: 1.25 for horses, 0.25 for pigs, 0.13
for small ruminants, 12.50 per 1,000 heads of poultry, and 1.38 for camels.
of the inputs and for output are between −3% and 3%. The fact
that the output cdf lies mostly to the right of the inputs means
that output growth rates were generally higher than inputs
growth rates (with the exception of fertilizer). Median growth
rates for output and fertilizer are around 3%, for livestock
around 2%, for machinery around 1%, and for land and labor
around 0%.
In terms of scale of production, Brazil greatly dominates. It
accounts for about 50% of the total output of the region, uses
44% of land, and is relatively fertilizer, machinery, and labor
intensive. Argentina contributes 20% of the region’s output and
it is relatively land and machinery intensive. The next biggest
contributor is Colombia with close to 8% of production and a
labor intensive system. Figure 2 shows the average output and
input allocations across countries.
In addition to traditional input variables, environmental, in-
stitutional, and socioeconomic variables are also considered.
These variables are treated differently than inputs and are asso-
ciated to the mean of the one-sided error term, hypothesizing
that they might help to understand the catch-up process of coun-
tries relative to the best performers. The variables included are:
-Gross Domestic Product per capita (US$, 2000 = 100): is a
proxy for overall economic development that includes aspects
such as better financial instruments and better infrastructure
for transportation.
-Openness (percentage): this variable is defined as the sum of
exports and imports divided by real GDP (US$, 2005=100)
and is obtained from the Penn World Tables. This variable
reflects differences in trade environment across countries.
-Health (years): this variable is proxied by life expectancy in
each country and is obtained from the United Nations De-
velopment Program (UNDP) website and the World Bank
Development Indicators. This variable tries to control for dif-
ferences in health population characteristics across countries.
-Education (percentage): this variable is represented by the to-
tal public expenditure (current and capital) on education ex-
pressed as a percentage of the Gross Domestic Product (GDP)
in a given year. It was obtained from the World Bank Devel-
opment Indicators. Since the data have some missing values,
these values were linearly interpolated when possible or ex-
trapolated using 5 years moving averages when interpolation
was not possible.
-Irrigation ratio (percentage): this variable is the percentage of
agricultural land that was equipped to provide water (via irri-
gation) to crops. It was obtained from FAOSTAT/AQUASTAT
website.
-Number of persons employed full time in agricultural research
(FTEs): this variable is considered to account for public in-
vestment in agricultural R&D. This item was estimated from
data obtained from different specialized institutions. The esti-
mation of these variables was made with the following proce-
dure: from 1972 to 1992 data from the International Service
for National Agricultural Research (ISNAR) and the respec-
tive institutes from each country (obtained from Cremers and
Roseboom, 1997) was used. For some countries during the
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Table 1
Summary statistics output and inputs. Region: South America—Period: 1969 to 2009
Output—Thousands of constant 2004–2006 Int’l Dollars—Source: FAO Fertilizer - Metric Tonns - Source: Fuglie (2010)
Country Mean Max Min SD Country Mean Max Min SD
Argentina 26,409,035 41,018,090 17,607,523 6,857,556 Argentina 454,764 1,346,000 66,900 441,903
Bolivia 1,788,513 3,281,880 840,790 691,426 Bolivia 8,337 24,621 1,545 5,396
Brazil 67,970,692 136,391,172 29,434,361 30,376,773 Brazil 4,706,091 10,654,800 630,400 2,822,905
Chile 4,644,448 8,088,545 2,474,154 1,856,847 Chile 309,263 557,500 102,100 158,168
Colombia 9,185,106 13,642,292 4,930,400 2,593,829 Colombia 464,272 807,045 144,400 186,461
Ecuador 3,838,590 7,241,063 2,229,424 1,593,923 Ecuador 118,930 297,789 18,400 77,783
Paraguay 2,368,815 4,561,145 1,023,921 975,914 Paraguay 59,998 264,279 1,000 86,116
Peru 4,311,696 8,426,306 2,736,002 1,666,462 Peru 174,942 328,830 75,400 82,034
Uruguay 2,416,401 3,776,850 1,866,199 554,146 Uruguay 86,315 153,500 40,000 31,866
Venezuela 4,213,579 6,324,550 2,209,913 1,268,731 Venezuela 271,422 666,500 47,000 138,883
Region 12,714,687 136,391,172 840,790 22,074,840 Region 665,434 10,654,800 1,000 1,633,900
Livestock - Thousand of cattle equivalents - Source: FAO Machinery—No. of tractors—Source: FAO—National Institutes
Country Mean Max Min SD Country Mean Max Min SD
Argentina 63,518,622 71,495,126 56,873,650 3,370,212 Argentina 225,258 267,782 166,700 36,794
Bolivia 10,666,550 15,477,500 6,859,389 2,181,506 Bolivia 4,700 6,000 2,100 1,264
Brazil 172,646,819 244,506,141 95,388,025 44,071,246 Brazil 625,955 867,815 155,400 228,031
Chile 5,900,083 7,039,268 4,823,191 671,707 Chile 41,963 54,555 33,950 8,560
Colombia 29,574,951 34,185,096 22,435,083 2,745,069 Colombia 25,658 34,232 21,000 4,707
Ecuador 6,337,631 8,432,054 3,770,163 1,594,689 Ecuador 9,615 14,700 2,900 4,253
Paraguay 8,796,651 12,652,013 5,060,745 2,254,800 Paraguay 14,223 25,823 4,700 7,194
Peru 13,545,654 16,947,738 12,007,697 1,452,847 Peru 12,413 13,191 10,431 787
Uruguay 13,497,605 14,863,030 11,729,825 793,638 Uruguay 33,633 36,465 29,450 2,136
Venezuela 16,359,130 23,792,355 9,951,994 4,221,207 Venezuela 41,124 49,000 17,700 10,015
Region 34,084,370 244,506,141 3,770,163 51,045,388 Region 103,454 867,815 2,100 198,956
Land—Thousand hectares—Source: FAO Labor—Thousands workers—Source: FAO
Country Mean Max Min SD Country Mean Max Min SD
Argentina 129,849 141,000 127,380 3,614 Argentina 1,417 1,462 1,309 43
Bolivia 34,846 37,111 30,261 2,119 Bolivia 1,253 1,932 812 331
Brazil 238,649 264,700 193,778 22,351 Brazil 14,409 16,342 11,336 1,423
Chile 15,919 17,200 14,848 630 Chile 868 982 683 110
Colombia 44,418 45,668 41,607 1,271 Colombia 3,375 3,587 2,760 238
Ecuador 6,999 8,129 4,795 1,092 Ecuador 1,096 1,239 922 111
Paraguay 16,247 20,900 11,317 3,250 Paraguay 592 820 387 131
Peru 19,927 21,966 17,819 1,453 Peru 2,736 3,671 1,892 593
Uruguay 14,917 15,081 14,591 127 Uruguay 195 209 184 5
Venezuela 21,190 22,010 19,840 602 Venezuela 795 867 718 38
Region 54,296 264,700 4,795 70,576 Region 2,673 16,342 184 4,057
1994 to 2006 period, this series was extended following the
trend observed in the Agricultural Science & Technology In-
dicators (ASTI) data from the International Food Policy Re-
search Institute (IFPRI). For countries with no information in
ASTI, the trend in the World Bank’s evolution of researchers
per million people was used. For countries where none of
the other data sources were available, an estimated trend was
obtained from a mix of expenditure in research as percent-
age of GDP and the evolution of GDP (World Bank, 2013).
Finally for those years where there were no data available
from any source, the last estimated value was used.10 Table 2
has summary statistics of these variables.
10 This accounts for 15.8% of the total number of observations for this
variable.
Estimation and Results
A translog production function is estimated using a ML fron-
tier approach. Imposing symmetry, the function estimated is
(8):
yit = a0 +
5∑
j=1
bjxijt + 12
5∑
j=1
cjj x
2
jj +
5∑
j=1
5∑
k>j
cjkxij t xikt
+ bt t + 12btt t
2 +
5∑
j=1
bjtxij t t + εit . (8)
where yit is the logarithm of agricultural output for country i
during year t; x’s are logarithms of the inputs; t is time, a proxy
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Fig. 1. Cumulative frequency growth rate (%) of output and inputs in agricultural production. South America—Period: 1969 to 2009.
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Fig. 2. Average output and input shares by country in agricultural production. South America—Period: 1969 to 2009
for technical change; a, b and c are parameters to be estimated,
and εit is an error term. As stated previously, for the case of
the stochastic frontier method the error is decomposed into two
random variables: εit = vit - uit.
The first derivative of (8) with respect to t corresponds to the
rate of technical change, TC:
TCit = bt + btt t +
5∑
j=1
bjtxij t t. (9)
Coelli and Henningsen’s (2013) Frontier Package for R was
used to simultaneously estimate the 28 parameters of Eq. (8),
the six specific parameters of Eq. (5) and the ratio of the vari-
ance of u to the total variance of ε:γ = σ 2u
σ 2u +σ 2v . This last ratio
reflects the proportion of the error term which is due to ineffi-
ciency effects. Thirty one out of 35 parameters are significantly
different from zero at the 99% confidence level and 1 param-
eter at 95% confidence level. Parameter estimates are in the
Appendix.
A Wald test was conducted to compare the translog specifi-
cation versus a simpler Cobb-Douglas specification. The result
of restricting all the second order coefficients of the translog
form gave a Chi-square test statistic of 914.81 with a p-value of
2.2e−16, rejecting the nested Cobb-Douglas specification as a
better specification. According to Henningsen (2014) the esti-
mate of gamma in the MLE translog frontier estimation, cannot
be interpreted as the actual proportion of the total variance that
is due to inefficiency because the estimatedσ 2u is not equal to the
variance of the inefficiency term u. We re-estimate the translog
frontier’s gamma parameter following his suggested procedure.
The estimated value of gamma is .437; this indicates that inef-
ficiency (or the estimated variance of the one-sided error term)
explains around 44% of the total variance. A likelihood ratio
test was performed to test if the OLS (no inefficiency, no one-
sided error) specification was preferred to the SFA specification;
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Fig. 3. TFP growth rate agricultural production. South America—Period: 1969 to 2009.
the OLS model was rejected in favor of the SFA model, i.e.,
the one-sided error term captures a significant portion of the
total variance or there is significant variance due to technical
inefficiency.11
Of particular interest are the parameter values of the variables
used to estimate the mean of the one sided-error term, Eq. (5), as
they help understand differential performance across countries.
The coefficients of life expectancy, irrigation, FTE, and the
ratio education/GDP are negative and significant at the 99%
confidence level implying that countries with greater values of
these variables tend to be more efficient. The Openness variable
coefficient estimate is counter-intuitive, as it indicates that the
more open the economy is the more the average inefficiency.12
GDP per capita was found to be not significant in explaining
differences in performance across countries. The positive and
significant coefficient estimated for FTE’s is important as it in-
dicates that the more agricultural R&D the better the economy
performs.13 This is consistent with our intuition and with pre-
vious results in Bharati and Fulginiti (2007) and Headey et al.
(2010).
Agricultural Productivity Growth
Average agricultural output growth for the region was 3.22%
per year. We estimate that TFP’s contribution to this growth was
11 Average production elasticities for the stochastic frontier model are: 0.04
for fertilizer, 0.14 for labor, 0.10 for land, 0.55 for livestock, and 0.11 for
machinery, indicating a scale elasticity of 0.94, not notably different from the
unitary scale elasticity assumed in the Malmquist estimation. The technology
even if monotone at the average is not at each data point. Violations are: fertilizer
26%, machinery 38%, livestock 11%, labor 26%, and land 48% for the frontier
model. Bharati and Fulginiti (2007) find the following production elasticities
for this region: 0.15 for land, 0.06 for tractors 0.3 for labor, 0.02 for fertilizer,
and 0.24 for livestock.
12 A reviewer indicated that this might be due to the cost of adjustment as a
result of opening the economy.
13 Parameters estimated are robust to the exclusion of this variable.
1.84% per year. Estimates are similar to the 1.7% increase found
by Ludena (2010) for the period 1961–2007 for land abundant
countries (excludes Ecuador) and to the 1.95%14 increase found
by Fuglie (2012) for the period 1971–2009, but lower than
the 2.24% increase found by Bharati and Fulginiti (2007) for
the period 1972–2002. Comparing to advanced economies, our
estimated growth rate is equal to the one in Fuglie (2012) for
USA/Canada (1.84%) for the period 1971–2009, it is slightly
higher than the 1.58% estimated by the USDA (2015) for the
United States during the same period and the 1.77% estimated
by Fulginiti (2010) also for the United States (1950-1993), but
lower than Headey’s (2010) estimate of 2.4% for the same
country during 1970–2001.
Figure 3 represents the weighted average TFP growth rates,
using output as weights,15 estimated by the two different ap-
proaches. TFP growth rates follow a positive trend during this
period.
The Malmquist index is more volatile than the econometric
approach because it is nonstochastic and it only uses infor-
mation of two consecutive periods per year; hence if there is
a slowdown in productivity growth with respect to the previ-
ous year, it will produce, by construction, a negative value.
Although very different by construction, the estimated trend in
growth rates during the period of analysis is similar across these
methods.
Table 3 disaggregates the frontier TFP growth rate estimation
by decades. For all the decades the average TFP growth rate is
positive and increasing with respect to previous decades. We
observe that the productivity growth rate rose steadily from
1.07% during the 1970s to 2.29% during the 2000s. There is no
evidence of a productivity slowdown for the region.
14 We aggregate Fuglie’s (2012) estimates from Table 16.4 using our average
output shares to obtain a value for South America.
15 The average output weights are: Brazil 52%, Argentina 22%, Colombia
7%, Chile 4%, Ecuador, Peru, and Venezuela 3%, Paraguay and Uruguay 2%,
and Bolivia 1%.
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Table 2
Summary statistics for variables associated with technical inefficiency of production. Region: South America - Period: 1969 to 2009
GDP per capita − US Dollars, Openness − Percentage, US Dollars,
2000 = 100 − Source: World Bank Database US Dollars, 2005 = 100 − Source: Penn world tables
Country Mean Max Min SD Country Mean Max Min SD
Argentina 7,223 9,936 5,582 948 Argentina 27 49 13 12
Bolivia 997 1,203 832 98 Bolivia 50 69 34 9
Brazil 3,373 4,479 1,874 572 Brazil 15 28 9 6
Chile 3,536 6,240 1,890 1,407 Chile 49 82 25 17
Colombia 2,253 3,153 1,428 449 Colombia 29 44 20 7
Ecuador 1,315 1,711 889 176 Ecuador 49 67 35 9
Paraguay 1,270 1,518 759 220 Paraguay 84 167 43 37
Peru 2,150 2,962 1,628 289 Peru 32 48 22 7
Uruguay 5,714 8,425 4,246 1,143 Uruguay 40 65 22 13
Venezuela 5,406 6,548 3,966 639 Venezuela 51 62 37 7
Region 3,324 9,936 759 2,166 Region 42 167 9 23
Life expectancy—Years—Source: World Bank Database Education—Education as % of GDP—Source: World Bank Database
Country Mean Max Min SD Country Mean Max Min SD
Argentina 71 75 66 3 Argentina 2.81 6.03 1.05 1.44
Bolivia 57 66 45 7 Bolivia 5.50 8.08 4.66 0.77
Brazil 66 73 58 4 Brazil 4.66 5.82 3.78 0.40
Chile 72 79 62 5 Chile 3.50 5.20 2.36 0.66
Colombia 68 73 61 4 Colombia 3.16 4.84 1.73 0.85
Ecuador 68 75 57 6 Ecuador 4.28 10.21 0.98 2.13
Paraguay 68 72 65 2 Paraguay 3.17 3.48 2.50 0.26
Peru 64 74 53 6 Peru 2.82 5.30 1.15 1.33
Uruguay 72 76 69 2 Uruguay 2.43 3.10 1.99 0.28
Venezuela 70 74 63 3 Venezuela 4.15 5.21 2.53 0.53
Region 68 79 45 6 Region 3.65 10.21 0.98 1.39
Irrigation—% of agricultural FTE—Personnel employed full time in agricultural
land irrigated—Source: AQUASTAT (FAO) research—Source: several
Country Mean Max Min SD Country Mean Max Min SD
Argentina 1.15 1.22 0.97 0.06 Argentina 1,043 1,723 820 207
Bolivia 0.37 0.47 0.26 0.05 Bolivia 190 427 48 120
Brazil 0.98 1.70 0.39 0.38 Brazil 1,796 2,585 1,037 460
Chile 9.87 12.62 7.24 2.12 Chile 209 289 150 45
Colombia 1.40 2.16 0.57 0.60 Colombia 478 688 321 83
Ecuador 10.46 12.74 9.47 0.93 Ecuador 191 298 115 45
Paraguay 0.39 0.46 0.32 0.04 Paraguay 75 115 24 31
Peru 5.87 6.26 5.42 0.29 Peru 206 273 143 43
Uruguay 0.86 1.49 0.28 0.41 Uruguay 79 119 64 10
Venezuela 2.12 2.72 1.36 0.49 Venezuela 579 1,690 285 356
Region 3.35 12.74 0.26 3.82 Region 485 2,585 24 558
All the countries show a positive rate of TFP growth in the
four decades with the sole exception of Bolivia in the 1970s
(−0.84%). During the last decade analyzed, TFP grew, in most
countries, at more than 2% a year. Chile (3.23%) followed by
Brazil (2.54%), Ecuador (2.55%), and Venezuela (2.28%) have
the fastest growth rates; Bolivia (0.78%) and Colombia (0.74%)
the slowest.
Ludena’s (2010) Malmquist index estimate for the period
2001–2007 (2.00%) is lower than our estimate (2.27%) for the
same years and Fuglie’s (2012) Tornqvist-Theil index estimate
for the period 2001–2009 (2.96%) is higher than our estimate
(2.31%) for the same period.
Comparing the estimated growth in the last decade across
regions we found a similar growth rate (2.24%) to that in Fuglie
(2012) for the United States and Canada (2.24%) and a higher
estimate than the USDA’s productivity accounts for the United
States (0.85%)
Table 3 also shows that the TFP growth rate is mainly
driven by a technological change component that has been
steadily increasing since the 1970s. This positive and
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Table 3
Maximum likelihood estimates of technical change, efficiency change and total factor productivity change (yearly averages). South America—period: 1969 to 2009
TC EC TFP
Country 1969-1979 1980-1989 1990-1999 2000-2009 1969-1979 1980-1989 1990-1999 2000-2009 1969-1979 1980-1989 1990-1999 2000-2009
Argentina 1.23 1.79 2.10 2.13 0.08 −0.04 0.07 0.01 1.31 1.74 2.17 2.14
Bolivia −0.95 −0.15 0.35 0.61 0.11 1.48 1.21 0.17 −0.84 1.33 1.57 0.78
Brazil 1.02 2.09 2.41 2.52 0.02 0.03 0.00 0.02 1.04 2.11 2.41 2.54
Chile 1.87 2.24 2.70 3.25 0.12 0.02 0.03 −0.01 1.98 2.26 2.73 3.23
Colombia 0.05 0.65 0.58 0.72 0.44 0.47 0.01 0.02 0.49 1.12 0.60 0.74
Ecuador 0.71 1.24 1.89 2.38 0.12 0.21 −0.16 0.17 0.83 1.45 1.73 2.55
Paraguay 0.66 1.24 1.78 1.93 0.59 0.22 −0.98 0.45 1.25 1.47 0.80 2.38
Peru 0.29 0.78 1.17 1.34 0.78 0.20 1.55 0.05 1.07 0.97 2.72 1.39
Uruguay 1.05 1.53 1.81 2.20 −0.27 0.19 0.18 0.06 0.79 1.72 1.99 2.26
Venezuela 0.99 1.49 1.99 2.26 0.14 −0.05 0.08 0.02 1.13 1.45 2.06 2.28
Weighted
Average
0.87 1.77 2.10 2.26 0.12 0.08 0.06 0.03 1.07 1.85 2.16 2.29
increasing trend applies for every country in the region with
the exception of Colombia during the 1990s. Countries such as
Chile, Brazil, and Argentina, have higher technological change
presumably due to a faster adoption of new technologies. These
countries have a production profile similar to that of tem-
perate advanced countries and have been able to adapt tech-
nology faster. We also observe that the EC component has
steadily decreased its contribution showing an initially fast
catching up of the more inefficient countries with respect to
those that are on the frontier. Once on the frontier, perfor-
mance can only be enhanced by innovations that expand the
frontier.
Half of the countries have a steady increase in the TFP growth
rate. Brazil’s rate increased from 1.15% during the 1970s to
2.61% during the 2000s. This estimate is lower than that found
by Gasques et al. (2008) using a Tornquist index, than Ludena’s
(2010) Malmquist index for the period 2000–2007 (2.80%) and
than Fuglie’s (2012) Tornquist index (4.03%) for the 2001–2009
period but higher than the 2.55% estimated for 1985–2006 by
Rada and Valdes (2012) using a SFA. We do observe slower
growth in the second economy of the region, Argentina; the
rate of growth during the 2000s is similar to that of the previous
decade. Argentina’s TFP growth rate for the 1990s is lower than
that found by Bharati and Fulginiti (2007) using an econometric
frontier for the period 1992–2002 (2.31%) but much higher
than that found by Ludena (2010) for 1991–2000 (0.8%). We
estimate faster rates for this country for the 2001–2009 period
(2.13%) consistent with Ludena’s 3.8% estimate but contrary
to Fuglie’s (2012) estimated slowdown (1.45% in 1991–2000
and 1.22% in 2001–2009). For most of the remaining countries,
Chile, Colombia, Ecuador, Paraguay, Uruguay and Venezuela
there is an increase in TFP growth rate in the 2000s with respect
to the 1990s.
In Table 4 TFP growth estimates per country are presented.
Averaging growth rates could be misleading, in particular for
the Malmquist index as this index is built from compari-
son of two consecutive periods only and is very sensitive to
outliers with the average affected by these extremes mak-
ing direct comparisons of the average rates across methods
suspect. Still we present them in this table for the sake of
transparency.
The SFA shows that the TFP growth is driven mainly by
technical change (1.73% average per year versus only .07% effi-
ciency change).16 Chile shows the highest average TFP growth
rate, followed by Brazil and Argentina. This result, in part,
was also found by Bharati and Fulginiti (2007) where techni-
cal change (1.97%) was found to be the main driver of TFP
change (2.24%). In their study though the countries with the
higher average TFP growth rate were Brazil (2.62%), followed
by Venezuela (2.39%) and then Chile (2.16%) and Argentina
(2.15%). Among the ten countries analyzed, Bolivia and Peru
have the most impressive catching-up performance; for Bolivia
this has been the most important force driving its TFP growth
rate (it had a negative TC of −.034%). Consistent with Bharati
and Fulginiti (1997), these bigger gainers in efficiency caught up
fast to a frontier determined by Brazil (32 years) and Argentina
(9 years). Argentina’s innovations were responsible for dis-
placing the frontier during the late 1970s and late 1990s while
Brazil’s performance dominated during the remaining years.
Most countries improved their efficiency by the late 2000s with
the sole exception of Paraguay.
The Malmquist index estimates for some countries show neg-
ative average values that should be understood having in mind
the sensitivity of this method to consecutive years with sharp
changes. These issues that stem from methodological differ-
ences between the parametric and non-parametric approaches
are also found in Fulginiti and Perrin (1997), Fulginiti et al.
(2004), Headey et al. (2010), and Tong et al. (2012).
Figure 4 shows the cdf of TFP growth rates estimated with
the stochastic frontier method for the average of the region and
for the individual countries. The median for the region is about
2%; with a minimum of 0.4% and a maximum of 2.6%. There
is more variability in the lower half of the TFP growth rates’
distribution. With respect to individual countries, consistent
16 A reviewer pointed out that high technological change with low efficiency
might be associated with the introduction and adaptation to new technologies
(learning by doing).
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Table 4
Average TFP growth rates (%) in agriculture South America—Period: 1969–2009
Stochastic Frontier Malmquist
Country TC EC TFP TC EC TFP Output
Argentina 1.812 0.028 1.840 −0.945 0.000 −0.945 2.146
Bolivia −0.034 0.742 0.707 2.223 0.000 2.223 3.472
Brazil 2.011 0.014 2.025 2.195 0.998 3.193 3.910
Chile 2.514 0.037 2.551 1.885 0.000 1.885 2.993
Colombia 0.500 0.236 0.736 1.045 1.167 2.128 2.567
Ecuador 1.554 0.085 1.639 0.102 0.000 0.103 2.987
Paraguay 1.403 0.070 1.473 0.240 −0.855 −0.658 3.818
Peru 0.894 0.644 1.538 −0.080 1.903 1.363 2.878
Uruguay 1.647 0.042 1.690 1.360 0.055 1.313 1.789
Venezuela 1.684 0.047 1.731 1.915 0.120 2.023 2.668
Weighted Average 1.729 0.072 1.844 1.283 0.631 1.914 3.225
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Fig. 4. Cumulative frequency distribution TFP growth rate in agricultural production. South America—Period: 1969 to 2009.
with our previous analysis, the countries that have more than
90% of their TFP growth rates below the region’s average are
Bolivia and Colombia. In Bolivia, in 24 out of 41 years, the
TFP growth rates are lower than 1%, with negative rates in
more than half of these years. Colombia does not have as many
negative growth rates but in 32 years the TFP growth rates are
smaller than 1.5%. On the other extreme we find Brazil and
Chile with growth rates higher than the region’s average. Chile
has been consistently above the average showing the highest
growth rates for most of the period and a median of 2.6%.
Brazil’s TFP growth rates are higher than the South American
average in most years and its median rate is 2.3%.
Figure 5 shows TFP indexes for every country since 1969.
Note the strong agricultural productivity performance of Chile
and Brazil while Bolivia and Colombia seem to fall behind the
rest of the countries in the region.
Table 5 shows the average annual growth rate of output,
the imputed change in output that would have been possible
from the observed input changes, and the Solow residual (TFP
change plus unexplained residual) for all countries during the
period of analysis. Approximately half of the average output
growth for the region can be attributed to input growth and half
to productivity change.
Table 5
Growth Decomposition of TFP rates in agriculture South America—Period:
1970–2009 (%)
South America—Period: 1970–2009 (%)
Country Output Growth Inputs Solow residual*
Argentina 2.15 0.73 1.42
Bolivia 3.47 4.94 −1.46
Brazil 3.91 2.09 1.82
Chile 2.99 0.76 2.24
Colombia 2.57 2.09 0.47
Ecuador 2.99 2.11 0.88
Paraguay 3.82 2.91 0.91
Peru 2.88 1.47 1.41
Uruguay 1.79 0.45 1.34
Venezuela 2.67 1.85 0.81
Weighted average 3.22 1.67 1.55
*Solow residual is TFP change as in Eq. (3) plus unexplained residual.
Performance by country during the last decade of analysis,
2000–2009, is shown in Table 6. During this decade, Chile’s
TFP growth rates are the highest, above 3%. TFP growth rates
for Argentina, Brazil, Ecuador, and Venezuela are between 2%
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Fig. 5. Stochastic frontier TFP index (1969 = 1). South America—Period: 1969 to 2009.
Table 6
TFP growth rates in agriculture by year (%). South America—Period: 2000–2009
Country 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009
Argentina 2.12 2.06 2.09 2.03 2.01 2.19 2.12 2.20 2.26 2.30
Bolivia 1.90 0.88 0.53 0.62 0.30 0.10 1.13 0.86 1.03 0.42
Brazil 2.47 2.51 2.53 2.42 2.46 2.53 2.57 2.60 2.65 2.65
Chile 3.15 3.17 3.13 3.17 3.21 3.18 3.26 3.30 3.39 3.38
Colombia 0.52 0.75 0.74 0.66 0.78 0.66 0.72 0.84 0.93 0.77
Ecuador 2.38 1.75 2.91 2.50 3.08 2.59 2.36 2.64 2.69 2.55
Paraguay 1.33 2.93 3.75 0.62 3.06 2.38 2.18 2.87 3.16 1.51
Peru 1.23 1.35 1.24 1.10 1.54 1.30 1.44 1.54 1.54 1.58
Uruguay 1.83 1.03 1.70 2.87 3.11 2.63 2.37 2.39 2.31 2.42
Venezuela 2.23 2.19 2.10 2.25 2.27 2.30 2.42 2.36 2.36 2.34
Weighted average 2.20 2.22 2.29 2.16 2.27 2.29 2.31 2.38 2.44 2.40
and 3%. The rest of countries, except Colombia and Bolivia,
show TFP growth rates in the 1%–2% range. Colombia’s pro-
ductivity was one of the lowest (second after Bolivia) but the
most improved. The slight decrease in the region’s TFP growth
rate in 2009 is mainly due to a decrease in the TFP growth
rates of Paraguay, Colombia and Bolivia. We do not find evi-
dence of an overall slowdown for the region during the years
2000–2009.
Conclusions
The objective of the present study is to estimate agricultural
productivity growth during the 1969–2009 period with particu-
lar attention to a potential slowdown in the last decade of analy-
sis. Studies have found a slowdown in agricultural productivity
growth in OECD economies that started in the late 1990s and
is likely related to decreases in R&D investment funding. With
this purpose in mind we estimated agricultural TFP growth rates
in South American countries. Different institutional, economic
and sociological environmental features of each country were
also considered in the econometric estimation and used to shed
light on the differences in performance between the countries
in the sample.
Results show that productivity growth is strongly associated
to output growth contributing to half of this growth. While
output growth in the region during 1969–2009 is 3.22%, pro-
ductivity growth is 1.84%, increasing from 1.07% to 2.29%
by the end of the period. The best performer is Chile (2.55%)
followed by Brazil (2.03%). The worst performer is Bolivia
(0.71%). This increase on TFP growth in the region is mostly
related to innovations. We also find that spending on education
and R&D in agriculture as well as irrigation and differences
in life expectancy are important in understanding differential
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performance across the countries of this region. Estimates for
the last decade of the analysis, 2000–2009, show no evidence
of a slowdown in agricultural productivity growth in South
America.
Although this analysis shows no evidence, so far, of a slow-
down in agricultural productivity in South American agricul-
ture, we end with a note of caution. During 2000–2009 agri-
cultural production increased by 3.91% yearly and productivity
growth rates went from 2.16% during the 1990s to 2.29% in
the 2000s. This is not surprising because the region has ben-
efited from innovations in advanced economies in addition to
those resulting from their own R&D investments. Given the
lags in adoption and the time needed for adaptation of new
technologies imported from advanced economies, we do not
expect an immediate impact in productivity growth in South
America of decreases in R&D investments in basic research in
advanced economies. Given the responsiveness of South Amer-
ican agriculture to R&D investments, we remain attentive to the
potential consequences of decreases in R&D funding for agri-
culture in advanced economies as well as in their own domestic
investments.
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Appendix
Agricultural productivity in South America - 1969 to 2009 Maximum Likeli-
hood Parameter Estimates. Stochastic Frontier Analisys
Coefficients: Estimate Std. Error t value Pr (>|t|)
(Intercept) 47.9760 2.9528 16.2475 <2.2e-16
X1 −1.0316 0.2883 -3.5788 0.0003
X2 6.7701 0.3530 19.1766 <2.2e-16
X3 −5.9218 0.6119 -9.6785 < 2.2e-16
X4 1.6052 0.5872 2.7338 0.0063
X5 -4.8808 0.7214 -6.7662 0.0000
X1sq 0.0358 0.0067 5.3132 0.0000
X2sq 0.1848 0.0191 9.6827 < 2.2e-16
X3sq 0.3595 0.0427 8.4242 < 2.2e-16
X4sq 0.1050 0.0158 6.6589 0.0000
X5sq 0.3695 0.0477 7.7491 0.0000
X1X2 -0.1467 0.0226 -6.5008 0.0000
X1X3 0.0937 0.0337 2.7790 0.0055
X1X4 -0.0726 0.0173 -4.1967 0.0000
X1X5 0.0737 0.0320 2.3022 0.0213
X2X3 -0.6919 0.0516 -13.4187 < 2.2e-16
X2X4 0.2349 0.0340 6.9166 0.0000
X2X5 0.0814 0.0528 1.5410 0.1233
X3X4 0.0856 0.0670 1.2783 0.2011
X3X5 0.0034 0.0983 0.0343 0.9727
X4X5 -0.5880 0.0544 -10.8152 < 2.2e-16
Coefficients: Estimate Std. Error t value Pr (>|t|)
T 0.0610 0.0157 3.8742 0.0001
Tsq 0.0002 0.0000 5.8283 0.0000
TX1 -0.0030 0.0008 -3.8051 0.0001
TX2 0.0127 0.0011 11.5285 < 2.2e-16
TX3 -0.0059 0.0015 -4.0287 0.0001
TX4 0.0036 0.0009 3.8427 0.0001
TX5 -0.0078 0.0018 -4.2786 0.0000
Z_Intercept 1.8444 0.2773 6.6519 0.0000
Z_GDPcapita 0.0000 0.0000 -1.7748 0.0759
Z_Openness 0.0012 0.0004 3.2520 0.0011
Z_Lifeexp -0.0221 0.0034 -6.4371 0.0000
Z_FTE -1.6367 0.5283 -3.0979 0.0019
Z_Irrigation -0.0003 0.0001 -2.6376 0.0083
Z_educgdp -0.0828 0.0159 -5.2160 0.0000
sigmaSq 0.0044 0.0007 6.1942 0.0000
gamma 0.6808 0.0749 9.0906 < 2.2e-16
X1: log of fertilizer, x2: log of machinery, X3: log of livestock, X4: log of labor,
X5: log of land, T: time trend.
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